One hundred and fifteen cultures, including obligate, restricted facultative and facultative methylotrophs and members of possibly related taxa, were tested for 135 characters based on morphology, physiology and biochemistry and the results were subjected to computer analysis. The polar lipid composition of all the strains was examined. The isoprenoid quinone composition and the mol% G + C value of the DNA were determined for all the obligate and restricted facultative bacteria, and also for some of the other strains representative of the clusters formed in the numerical taxonomic study. The results indicate that the obligate methanol-utilizing bacteria all exhibit a high phenotypic similarity and are taxonomically distinct from the restricted facultative and the facultative methanol-utilizing bacteria examined and from the pseudomonad reference strains. The results also indicate that the obligate methylotrophs and the restricted facultative methylotrophs represent two distinct taxa of generic status : Methylobacillus and a taxon which can be equated with the organisms currently referred to as 'Methylophilus'.
INTRODUCTION
The term methylotrophic is used to describe a wide variety of bacteria which can utilize single-carbon compounds more reduced than carbon dioxide as a sole carbon source. Bacteria which utilize only such compounds are termed obligate methylotrophs; those which can also utilize more complex organic molecules are termed facultative methylotrophs (Quayle, 1972 ; Anthony, 1982; Green & Bousfield, 1982; Whittenbury & Dalton, 1981) . However, this distinction is not entirely clearcut. Amongst the facultative methylotrophs, some grow so slowly on one or two multicarbon compounds only that they can be and have been considered essentially obligate in nature and have been called 'restricted facultative methyltrophs' (Colby & Zatman, 1975) . Others grow more rapidly on a larger, but still limited, range of multicarbon compounds; these are the 'less restricted facultative methylotrophs' (Colby & Zatman, 1975) and include hyphomicrobia (Harder & Attwood, 1978) and such Bacillus strains as S2A1 and PM6 (Colby & Zatman, 1975) .
In the last 20 years the potential industrial importance of the methylotrophs has resulted in an increase in the isolation of these bacteria and in detailed biochemical studies on the pathways of methylotrophic metabolism (Quayle, 1963 (Quayle, , 1972 Cooney & Levine, 1972; Colby & Zatman, 1973; Colby et al., 1979; Anthony, 1975 Anthony, ,1982 but their taxonomy has received far less attention (see Kouno & Ozaki, 1975; Urakami & Komagata, 1979 , 1981 Byrom, 1981; Green & Bousfield, 1982; . Consequently, the classification of the majority of methylotrophic bacteria is still unsatisfactory (see Leadbetter, 1974; Whittenbury & Dalton, 1981 ; Whittenbury & Krieg, 1984) . Although there have been some comparative taxonomic studies of methylotrophic bacteria (Kouno & Ozaki, 1975; Urakami & Komagata, 1979 , 1981 Green & Bousfield, 1982; Galchenko & Andreev, 1984; Urakami et al., 1985) the need for further taxonomic investigation remains (Whittenbury & Dalton, 1981 ; Indoleproduction. The medium described by Feltham (1975) was used, supplemented with 0.5 % (v/v) methanol.
Indole production was tested after 5 d incubation by the addition of Kovacs' reagent (Cowan, 1974) .
Antibiotic sensitivities. A loopful of growth from a 24 or 48 h culture was placed centrally on a plate of MMP agar, spread over the surface using a sterile swab and overlaid with Multodisks (Oxoid) containing appropriate antibiotics. Sensitivities were recorded daily for 3 d.
Enzyme assays. These were done using the APIZYM system (API) according to the manufacturer's instructions.
Carbon source utilization. A basal medium of MMP agar without peptone or methanol was used. The carbon source was added at 0.2% (w/v) before sterilization of the media by autoclaving. Volatile liquid carbon sources were filter sterilized and added after autoclaving. Plates were inoculated, one organism per plate, from 48 h MMP agar cultures. Growth was assessed by eye after 1, 3, 7 and 14 d incubation. In all cases, a control plate with no added carbon source was set up and used as a comparison when assessing the growth.
Acidfrom glucose. This was tested in MMP broth containing 1 % (w/v) glucose. After 1,3,5 and 7 d incubation one drop of culture was aseptically removed and an equal volume of 0.2% (w/v) aqueous bromothymol blue added. A change in colour from blue to yellow indicated production of acid from glucose.
Voges-Proskauer test. This was done after the completion of the previous test, using the method of Barritt
(1936).
Urease activity. A modification of the method of Christensen (1946) was used. Slopes of MMP agar supplemented with filter-sterilized aqueous urea solution (12.5 %, w/v), glucose (0.5 % w/v), and filter-sterilized aqueous phenol red solution (0.75%, w/v) were inoculated and incubated for 5 d. Cultures were examined for urease production at 4 h and then daily up to 5 d. Oxiduse. Growth from a 24 h culture was rubbed onto Whatman no. 1 filter paper previously soaked in freshly prepared oxidase reagent (Cowan, 1974 , solution 1) and observed for the development of a dark purple colour for up to 10s (Kovacs, 1956 ).
Catalase. Growth from a 24 h culture was emulsified with 20 vol. H202 and observed for the production of effervescence for up to 1 min.
Growth on Blood Agar Base rw. 2 (BAB2). BAB2 (Difco) was prepared according to the manufacturer's instructions, streak inoculated and examined for growth after 1, 2, 4, 7 and 14 d incubation.
Sulphutase and phosphatase activity. Method 1 of Cowan (1974) was used but the medium was MMP supplemented with 1 % (w/v) aqueous phenolphthalein disulphate or disphosphate to give a final concentration of 0.1% (w/v) . (Nitrogen fixers were tested on the same media plus l%, w/v, glucose.) Initiation ofgrowth at direrent NaCIconcenrrations. NaCl was added to MMP agar to give final concentrations of 5%, 10% and 15% (w/v). Cultures were examined for growth after 1, 4, 7 and 11 d.
Tetrazolium reduction and sensitivity. Tetrazolium chloride was added to MMP agar to give final concentrations of 0.01 % and 0.1 % (w/v) (1 %, w/v, glucose was added for nitrogen fixers). Cultures were examined for growth and tetrazolium reduction after 3, 5, 7 and lOd.
Tellurite reduction and sensitivity. Potassium tellurite was added to MMP agar to give concentrations of 0.01 %, 0.025 % and 0.05% (w/v) (1 %, w/v, glucose was added for nitrogen fixers). Cultures were examined for growth and tellurite reduction (development of black colonies) after 3, 5, 7 and 10 d.
Deoxyribonuclease and ribonuclease activity. The method of Jeffries et al. (1957) was used. The medium was MMP plus DNA (sodium salt, from calf thymus) or RNA (sodium salt, from yeast) at 0.2% (wfv) (1 %, w/v, glucose was added for nitrogen fixers). The test was read after 5 d. Coding ofcharacters. The results of taxonomic tests were scored as either simple binary (two-state) or multistate characters. For the two-state characters the positive and negative results were scored as 1 and 0 respectively. With the majority of tests, three character states could be recognized : negative, weakly positive and strongly positive. These were coded as 0,l and 2, respectively. In a number of tests, more than three character states were necessary and were coded accordingly.
Before coding, the results were scrutinized for tests which gave identical results for all strains studied. Nine tests were not scored for this reason; these were filamentous, rhizoid and umbonate colonies (none); endospores (negative); exospores (negative); bipolar staining (negative); regular clusters (negative); alkaline phosphatase (negative); a-fucosidase (negative).
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Computation. All computing was done on the University of Nottingham ICL 1900 computer, except for the dendrograms, which were produced on the University of Leicester CDC CYBER 72 using the TAXPAK program written by M. J. Sackin. Gower's (1971) similarity coefficient (S,) was computed and clustered by unweighted pair group average linkage (UPGMA) and single linkage methods (Sneath & Sokal, 1973) .
The data were converted to two-state character data by combining 'strongly positive' and 'weakly positive' in the three-state or multistate characters into a single 'positive' state scored as 1 and leaving the two-state characters unchanged. The simple matching coefficient (SsM) and the pattern difference coefficient ( D p ) (Sneath & Sokal, 1973) were then computed on the converted data, and both similarity matrices were clustered by the same two methods. For every clustering the cophenetic correlation was computed between the dendrogram and the similarity matrix from which it was derived.
The 1 GROUPS (integer groups) program printed character value statistics on specified groups of operational taxonomic units (OTUs) chosen from the sorted matrix. The program IDMAT was used to obtain the percentage of positive results on each character for each group of OTUs and the distinctness of a chosen pair of clusters was tested by the OVCLUST program (Sneath, 1979) .
Extraction, separation and identification ofpolar lipids. Polar lipid analyses were done on all the strains. Strains were inoculated into 1 litre MMP broth (nitrogen fixers in Norris' broth) and shaken at 30 "C for 72 h. Cells were harvested by centrifugation at 10000 r.p.m. for 10 min and stored at -120 "C until required. Polar lipids were extracted by a modification of the method of Bligh & Dyer (1959) (Kates, 1972) . Polar lipids were separated by two-dimensional TLC using commercially prepared 10 x 10 cm aluminiumbacked silica gel plates (Merck Art 5554). Chloroform/methanol/water (32.5 : 12.5 :2, by vol.) was used as the first solvent system and chloroform/methanol/glacial acetic acid/water (40 : 6 : 7.5 : 2, by vol.) as the second solvent system. Polar lipid spots were identified by the stain systems described by Kates (1972) and by comparison of RF values with commercially prepared standards.
Extraction and analysis of isoprenoid quinones. The strains investigated were grown and harvested as for polar lipid analysis. Quinones were extracted and then analysed using reverse-phase partition TLC as described by Collins et al. (1977) . Some results were confirmed by mass spectroscopy using an AEI MS9 instrument with a direct insertion probe, an ionizing voltage of 70 eV and a temperature range of 180-200 "C.
A number of quinone samples were analysed by HPLC using a Laboratory Data Control (LDC) chromatograph fitted with a Lichrosorb RP-18 (5 pm) column and 1-chlorobutane/methanol (1 : 10, v/v) (1.0 ml min-') as the mobile phase. Quinones were monitored at 269 nm and quantification was achieved using an LDC model 308 computer integrator.
Determination of the molarpercentage ofguanine + cytosine (rnolx G + C). Selected strains were inoculated into 1 litre MMP broth and incubated at 30 "C for 48 h with agitation. Cells were harvested by centrifugation at loo00 r.p.m. for 25 min at 4 "C. The method of Marmur (1961) was used for the extraction and purification of the DNA. The DNA samples were stored at 4 "C with a few drops of chloroform to prevent microbial contamination.
Mol% G + C base ratios were obtained by the melting temperature method of Marmur & Doty (1962) , using a Unicam SP 1700 ultraviolet spectrophotometer with an Accuron SP 876 series 2 temperature program controller.
RESULTS

Numerical taxonomy
Reproducibility. The similarity between duplicate strains varied from 98.4 % to 99.6 % (average 99.5 %), indicating an average error in testing of only 0.5 %. Test reproducibility was determined by repeating all the 1 15 tests (resulting in 135 characters) for 52 of the strains and comparing the two sets of data. Sneath & Johnson (1972) have suggested that tests showing errors in reproducibility of 10-1 5 % are acceptable. The test reproducibility obtained in this study varied from 100% to as low as 50%. However, the majority of the tests showed greater than 90% reproducibility and only 9% of them had a reproducibility of less than 75%. Tests showing lowish reproducibility (75-80%) were those for Tween hydrolysis, antibiotic sensitivities and the reduction of tetrazolium and tellurite. In these cases the repeat set of data was always used for computer coding because these results are considered to be more reliable due to the experience gained in test performances and interpretation. The tests for growth under anaerobic conditions, growth at 4 "C and growth at 45 "C showed particularly poor reproducibility (about 50%) and therefore the data from these tests were excluded from the coded data matrix. All the remaining tests were used for computer coding even though some were outside the lO-lS% irreproducibility range. This was done because after consideration of the data it was decided that the effect of these test errors on the clustering of the strains was likely to be less than the information lost by their omission (Sneath, 1972) .
Cluster analysis. The results of the different computations gave broadly similar groupings. The classification which resulted from the UPGMA clustering of the SG coefficient (Figs 1 and 2) gave the highest cophenetic correlation value (0.89) and the interpretation of the numerical taxonomic component of the study will be confined mainly to this computation.
With the exception of a strain received as Arthrobacter sp. 2B2 (the only Gram-positive bacterium included in the study), all the strains joined together at a percentage similarity value (%S) of 69. At about the 72%S level the strains clustered into five Areas of very unequal size (Fig. 1, Table 1 ). [The use of the label 'Area' is purely for convenience of presentation.] Area I contained three loosely associated strains, one received as a Hyphomonas sp. ('Hyphomicrobium neptunium'), an unnamed industrial isolate and one strain isolated in our laboratory (Fig. 1, Table 1 ). The small number of strains in this Area and their loose association (75%S) makes it impossible to judge their taxonomic position. They will not be considered further.
Area I1 contained 41 strains with an overall similarity of 74.5%; four clusters could be detected within it (Figs 1 and 2, clusters A-D). With the exception of the two strains received as Pseudomonas testosteroni and ' Pseudomonas oxalaticus' (cluster IIA) and the two strains received as Vibrio anguillarum and Vibrio sp. V18 (cluster IID) the strains in this Area were all those received as obligate methanol-utilizing bacteria.
Area 111, the largest Area in the study, contained 50 strains with an overall similarity of 74%. The group comprised a variety of industrial isolates, named strains and marker strains, and included all the pink-pigmented facultative methanol-utilizing bacteria examined. Four clusters at -83%S, IIIA, IIIB, IIIC and IIID, could be recognized in this Area (Fig. 1 , Table 1 ).
Area IV contained six strains with an overall similarity of 74%, and was divided into two distinct clusters, IVA and IVB ( Fig. 1, Table 1 ). Beijerinckia rnobilis NCIB 9879 was attached to this Area at 72%S (Fig. 1) .
Area V contained 12 strains which grouped into four clusters, VA, VB, VC and VD. Alcaligenes faecalis NCIB 8156 was attached to this Area.
Description ofthe clusters.
Since this study is concerned mainly with the taxonomy of the obligate and restricted facultative methanol-utilizing bacteria, the main clusters (11s and IIC) within Area I1 (Figs 1 and 2, Table 2) will be described in some detail. The other clusters will be described briefly.
Although the bacteria labelled clusters IIA and IID were just included in this Area (Figs 1 and 2), these organisms were quite distinct from the majority of the strains which were grouped in clusters IIB and IIC. None of the strains in cluster IIA (Pseudomonas testosteroni, 'P. oxalaticus') and cluster IID (Vibrio anguillarum, Vibrio sp. V18) utilized methanol as a sole carbon and energy source.
Clusters IIB and IIC (overall similarity 81 %S) contained 35 strains of Gram-negative, straight or slightly curved rods about 1.5 pm in length and usually (85%) motile. The colonies were non-pigmented, circular, convex with an entire edge and smooth surface. All the strains were aerobic and catalase-and oxidase-positive. Growth did not occur on complex nutrient media (e.g. Difco Blood Agar Base no. 2). All the strains were methylotrophic and utilized methanol as a sole carbon source. A number of strains also utilized methylamine, dimethylamine, trimethylamine, glucose and fructose as sole carbon sources ( Table 2 ). The strains did not reduce nitrate or produce indole. The majority produced urease; none produced cystine arylamidase, trypsin, a-galactosidase, P-glucuronidase, a-glucosidase, P-glucosaminidase or a-mannosidase. All were resistant to cloxacillin, erythromycin, methicillin and oleandomycin but all were sensitive to novobiocin, nitrofurantoin, colistin sulphate and the tetracyclines.
Although all the strains in clusters IIB and IIC were received as obligate methanol utilizers, some corresponded to 'restricted facultative methylotrophs' (Colby & Zatman, 1975) because they could also utilize glucose and/or fructose as sole carbon source.
Cluster IIB (overall similarity 92 %) contained all the obligate methanol utilizers which, with one exception ('Methanomonas methylovora' NCIB 11376), did not utilize glucose as a sole carbon and energy source. All the 13 strains in cluster IIB grew on monomethylamine (Table 2) . Colby & Zatman (1973) Generally the obligate methanol utilizers in cluster IIB were resistant to ampicillin and carbenicillin but sensitive to sulphafuroxole and furazolidone. The majority produced /3-glucosidase. The reactions of strains in cluster IIB in these and other tests of value in discriminating between these bacteria and the strains in cluster IIC are shown in Table 3 . Within cluster IIB there was some internal structure corresponding to three subclusters (Fig. 2) . One of these, subcluster IIB 1, contained three strains labelled 'Pseudornonas insueta' (ATCC 21276 and two strains representing the split culture of ATCC 21453). The strains of this subcluster could be differentiated from the other subclusters of IIB by their ability to produce H2S from cysteine and to produce sulphatase. The second subcluster (IIB2) contained eight strains with an overall similarity of 93 %. This subcluster included 'Pseudomonas methanolica' ATCC 2 1704, five strains labelled 'Methanomonas methylouora' (two representing a split culture) and both strains of the split culture of Methylobacillus gzycogenes ATCC 29475. All grew on methanol and monomethylamine as sole carbon and energy sources. In addition, 'Methanomonas methylouora' NCIB 11 376, as noted earlier, was capable of growth on dimethylamine and glucose ( Table 2) . The third subcluster, IIB3, contained two strains received as 'Protarninobacter thiaminophagus' ATCC 21 371 and 'Methylomonas methanolica' NRRL 5458. In addition to monomethylamine and methanol the former strain utilized di-and trimethylamine as sole carbon and energy source (Table 2) . Cluster IIC, with one exception, contained all the methanol-utilizing strains examined in this study which can be termed 'restricted facultative methanol utilizers'. With the exception of an industrial isolate, strain (475)AS 1 -3(dense), all the strains utilized methanol and glucose as sole carbon source. Within cluster IIC, at least three subclusters were detectable. Subcluster IIC1 (88 %S, Fig. 2 ) contained three unnamed industrial isolates, W3A1, (397)010/30/sh/3 and (402)008/30/sh/2. In addition to growing on both methanol and glucose as sole carbon source, strain W3A1 grew on mono-, di-and trimethylamine, while strain (402)008/30/sh/2 utilized fructose ( Table 2 ). All three strains were sensitive to ampicillin and resistant to furazolidone (Tables 2 and 3 ). Subcluster IIC2 contained 15 unnamed industrial isolates. There was some internal structure within this subcluster (Fig. 2) but the significance of this is difficult to assess due to the small number of strains and their close similarities. Therefore the groupings will not be treated separately. Subcluster IIC2 contained the only strain, (475)AS1-3(dense), grouped in cluster IIC which was unable to utilize glucose. In addition to growth on methanol and glucose, strains (007)SE and (406)011/30/sh/2 grow slowly on fructose. A number of strains in this subcluster were also capable of growth on mono-, di-and trimethylamine ( Table 2) . Subcluster IIC3 (87%S, Fig. 2 in the simplified phenogram (Fig. 1) . 
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-(92%)
-(67%)
- ( the two strains of the split culture of 'Methylomonas Clara' ATCC 31226. These strains are of particular industrial importance for the production of single-cell protein. They showed a similarity of 84% to the other industrial isolates in the subclusters of cluster IIC. In addition to growing on methanol and glucose as sole carbon and energy source, 'Methylophilus methylotrophus' NCIB 105 15 also utilized mono-, di-and trimethylamine (Table 2) . 'Methylomonas Clara' ATCC 31226 and the industrial isolates (41 5)012/37/sh and (476)051/C4 (subcluster IIC2, Fig. 2) were the only obligate or restricted facultative methanol utilizers studied that produced acetoin in the Voges-Proskauer test.
Two strains do not fall into any of the labelled clusters within Area 11. 'Aminomonas aminouorus' NCIB 1 1268 and 'Protaminobacter candidus' ATCC 21 372 were loosely associated (about 82%S) with the strains in clusters IIB and IIC. Both strains utilized methanol and methylamine as sole carbon and energy source and 'Aminomonas aminovorus' also utilized ethanol.
Cluster IIIA (83 %S, Fig. 1 ) contained 41 strains of Gram-negative, pleomorphic rods which, unlike the obligate and restricted facultative methanol-utilizing bacteria of clusters IIB and IIC, utilized methanol and a wide range of multicarbon compounds. All contained cellular inclusions, produced trypsin and were resistant to colistin sulphate, nalidixic acid and polymixin B. Subclusters IIIA1 to IIIAS inclusive (Fig. 1, Table 1 ) contained all the pink-pigmented, facultative methanol-utilizing bacteria included in the study. The grouping of the strains within the subclusters will not be described in detail. Many of the strains have been studied previously (Green & Subcluster IIIA6 contained the five Hyphomicrobium strains studied, including the type strain of the type species Hyphomicrobium vulgare NCIB 9698. All these strains showed a characteristic budding morphology.
Cluster IIIB (89%S, Fig. 1 ) was quite distinct and contained three strains of yellow- pigmented, unnamed, industrial isolates. All grew on methanol and also on a wide range of multicarbon compounds. Strain (478)050/D/30 (Table 1) has been shown to be a member of the species Xanthobacter autotrophicus, the type species of the genus Xanthobacter (P. N. Green, personal communication) . Cluster IIIC (84.5 %S, Fig. 1 ) contained four strains of Gram-negative, non-motile, curved or horseshoe-shaped rods. All were facultatively methylotrophic, utilizing methanol and a wide range of multicarbon compounds. One of the strains is the type strain (NCIB9271) of Ancylobacter (Microcyclus) aquaticus.
Loosely associated with the clusters within Area I11 were two strains, Acetobacter aceti NCIB 8621 and Beijerinckia indica NCIB 8005. These are designated cluster HID (Fig. 1) .
Cluster IVA (Fig. 1 ) contained four strains of nitrogen-fixing bacteria. Three represented the genus Azomonas (A. insignis, NCIB 9127; A . agilis NCIB 8636 and A . macrocytogenes NCIB 8700). The fourth strain, Azotobacter vinelandii NCIB 8660, was the only member of the genus Azotobacter included in the study.
Cluster IVB contained the two strains of the split culture of 'Methylomonas agile' NCIB 1 1 124, the only obligate methane-utilizing bacterium examined. Methane and methanol were the only carbon compounds, of those tested, capable of supporting the growth of ' M . agile'. Although it was included in Area IV, inspection of Fig. 1 indicates that this bacterium is not closely related to those in cluster IVA.
Cluster VA contained single representatives of five species of the genus Pseudomonas, including the type strain of P. aeruginosa, ATCC 10145 (Fig. 1, Table 1 ). Four of these species, If  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1   I1  I1  I1 Major isoprenoid quinone present --c Q-9 Q-9 Q-9 e-8 Q-8 Q-8 I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11   I11  111  I11  111  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11   I11   I11 * Major phospholipids present : lipid group I, phosphatidylglycerol, phosphatidylethanolamine and diphosphatidylglycerol; lipid group 11, phosphatidylglycerol and phosphatidylethanolamine; lipid group 111, phosphatidylglycerol, phosphatidylethanolamine, diphosphatidylglycerol and phosphatidylcholine.
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P . aeruginosa, P . jluorescens, P . aureofaciens and P . putida, are members of the same rRNA homology group (group 1 ; Palleroni, 1984) . The fifth, P. lemoignei, is not assigned to any of the rRNA homology groups (Palleroni, 1984) . Of interest is the grouping of P. testosteroni and 'P. oxalaticus' (Cluster IIA, Figs 1 and 2) well away from this cluster of Pseudomonas strains. P . testosteroni is a member of rRNA homology group I11 (Palleroni, 1984) . Unlike most other pseudomonads, 'P. oxalaticus' is a facultative autotroph capable of growth on formate (but not on methanol) by the ribulose bisphosphate pathway (Khambata & Bhat, 1953) . The clustering of P . testosteroni and ' P . oxalaticus' away from the other pseudomonads studied is in agreement with the results of Green & Bousfield (1982) .
Loosely associated with cluster VA were the two strains Aeromonas hydrophila NCTC 8049 and Xanthomonas campestris NCPPB 528 designated cluster VB (Fig. 1, Table 1 ). The remaining clusters in Area V contained only a few strains (Fig. 1, Table 1 ) and no taxonomic conclusions could be drawn.
Polar lipids
The results of the two-dimensional TLC analysis of the polar lipids of representative strains are shown in Fig. 3 and Table 4 . The strains could be divided into three main groups, I, I1 and 111, on the basis of polar lipid content. All the strains of lipid group I contained phosphatidylglycerol, phosphatidylethanolamine and diphosphatidylglycerol as the major components. They also contained an unidentified minor lipid component which showed positive reactions with both the ninhydrin stain (for amino groups) and periodate/Schiff stain (for sugar moieties) (Fig. 3) .
The strains of lipid group I1 also contained phosphatidylglycerol and phosphatidylethanolamine as the major lipid components but diphosphatidylglycerol was not present. All the group I1 strains contain a minor lipid component similar to that found in strains of lipid group I (Fig. 3) . A number of other minor lipids which were present could not be identified.
The strains of lipid group I11 contained as the major components phosphatidylglycerol, p hosp hatidy let hanolamine, dip hosphatid ylglycerol and also phosp hatid ylc holine (Fig. 3 , Table  4 ). The lipid patterns of this group were more complex than those of the other two groups and many unidentified minor lipid components were present.
Other strains included in the study had more complex lipid patterns which did not fall into any of these three groups.
The correlation between the groupings obtained on the basis of polar lipid content and those from the numerical taxonomic study is shown in Table 4 . All the pseudomonads, those in cluster VA and cluster IIA (Fig. I) , fell into lipid group I. All the obligate methylotrophs (cluster IIB, Figs 1 and 2) and the single strains 'Aminomonas aminovorus', 'Protaminobacter candidus' and strain (309)MP4 also had the polar lipid composition of lipid group I. However, the restricted facultative methanol utilizers comprising subclusters IICl, IIC2 and IIC3 (Figs 1 and 2 ) fell into lipid group 11. All the pink-pigmented, facultative methanol-utilizing strains studied (subclusters IIIAl to IIIA5 : Fig. 1, Table l) , the yellow-pigmented facultative methanol utilizers (cluster IIIB) and the Microcyclus strains (cluster IIIC) fell into lipid group 111.
Isoprenoid quinones
The results of the isoprenoid quinone analyses are shown in Table 4 . With the exception of Arthrobacter sp. 2B2, the only Gram-positive strain included in the study, all the strains possessed ubiquinones (co-enzyme Q) only. All the obligate and restricted facultative methanol utilizers studied contained ubiquinones with eight isoprene units (Q-8) as the major quinone components. Representative strains of the pink-pigmented, facultative methanol utilizers contained Q-10, as did Agrobacterium tumefaciens and Paracoccus denitr$cans ; the classical pseudomonads contained Q-9. As was to be expected, Arthrobacter sp. 2B2 possessed menaquinones (vitamin K2) only. These were shown by mass spectroscopy to be hydrogenated menaquinones with nine isoprene units, MK-9(H2).
DNA base ratios
The results of the DNA base ratio measurements are given in Table 4 .
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The main aim of this study was to clarify the taxonomy of the Gram-negative, obligate and restricted facultative methylotrophs. These bacteria all grouped within Area I1 (Fig. 1) and were quite distinct from all the other organisms examined. They will be discussed separately.
The other groupings depicted in Fig. 1 are largely in good agreement with the results of other comparative studies which have included some of the same or similar strains (Green & Bousfield, 1982; Urakami & Komagata, 1979 , 1981 Urakami et ul., 1985) . Although also just included in Area I1 (Fig. I) , the bacteria labelled clusters IIA and IID are distinct from the obligate and restricted facultative methylotrophs. As noted by Green & Bousfield (1982) , Pseudomonas testosteroni and 'P. oxaluticus' (IIA, Figs 1 and 2) clustered separately from members of the genus Yseudomonas, which grouped in cluster VA (Fig. 1) . It has been suggested that 'P. oxalaticus' may belong to the genus Alcaligenes (Hendrie et af., 1974) but it did not cluster with the type strain of Alcaligenes fueculis (NCIB 8 156) . This was also the experience of Green & Bousfield (1982) . Neither P. testosteroni nor 'P. oxalaticus' utilized methanol as a sole carbon and energy source. Similarly, the two strains of cluster IID (Figs 1 and 2) , Vibrio anguilfarum and Vibrio sp. V18, did not utilize methanol and little can be said about their taxonomic status.
The grouping of all the pink-pigmented, facultative methylotrophs into a number of closely related subclusters (IIIA1 to IIIA5, Fig. 1 ) is in broad agreement with the results of Green & Bousfield (1982) . Although there are some differences between the two studies in the placement of the strains within the groupings, the results support the classification of these strains in the genus Methylobacterium (Green & Bousfield, 1982 , 1983 Bousfield & Green, 1985) . All the strains have the polar lipid composition of group I11 (Table 4) and, in agreement with the results of Urakami & Komagata (1979) , contain ubiquinone Q-10.
The pink-pigmented facultative methylotrophs showed the closest relationship (82%S) to the cluster formed by all the Hyphomicrobium strains (IIIA6, Fig. 1 ). Green & Bousfield (1982) did not include any hyphomicrobia in their numerical taxonomic study but the chemical and DNA studies of Urakami & Komagata (1979 , 1981 and Urakami et al. (1985) clearly indicate that Methylobacterium and Hyphomicrobium are distinct genera.
As noted earlier, the three yellow-pigmented strains, cluster IIIB (Fig. l) , are members of the genus Xanthobacter. All possess the polar lipid composition of group I11 ( Table 4) .
The strains in cluster IIIC (Fig. 1) represent the genus Ancylobacter. These bacteria contain ubiquinone Q-10 (Urakami & Komagata, 1979) , and recent DNA homology studies (Urakami et al., 1985; Urakami & Komagata, 1986) indicate that they comprise a distinct taxon which equates with Ancylobacter aquaticus.
The only strain of Paracoccus denitrificans clustered very loosely with an unnamed strain (cluster VD, Fig. 1 ). The actual relationship between these two strains is difficult to assess. The separate clustering of Paracoccus denitrijicans is in agreement with the DNA studies of Urakami et al. (1985) .
Obligate and restricted facultative methylotrophs
As noted above all these strains were quite distinct from facultative methanol utilizers and the other bacteria examined. They were all received as 'obligate' methanol utilizers, but they grouped into two main clusters (IIB and IIC, Fig. 2 ). All the bacteria in cluster IIB (with one exception, 'Methanomonas methylovora' NCIB 1 1376) were obligate methanol utilizers while those in cluster IIC, again with one exception, (475)AS 1 -3(dense), were restricted facultative methylotrophs (Table 2) . Cluster IIC contained three distinct subclusters (IICl, IIC2, IIC3 : Fig.  2 ). The strain composition of all four clusters (IIB, IIC1, IIC2, IIC3) was very stable and remained constant in the various computations (see Methods). Urakami & Komagata (1979) divided the 'obligate' methanol-utilizing bacteria studied by them into four groups (A, to A4) on the basis of changes in fatty acid composition with culture age. Although their groupings do not correspond exactly with clusters IIB, IICl, IIC2 and IIC3, it is interesting that their group A, contains some of the strains in cluster IIB and that their groups Al , A2 and A4 contain some of the strains in subclusters IIC2 and IIC3 (Fig. 2) . In accord with the results of Urakami & Komagata (1979) all the strains in clusters IIB and IIC contained ubiquinone Q-8.
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Obligate methylotrophs
The strains in cluster IIB exhibited a very high phenetic similarity ( N 92%S). All grew on methanol and monomethylamine but, with the exception of 'Methanomonas methylouora' NCIB 1 1376, were unable to utilize glucose as a sole carbon and energy source (Table 2 ). All the strains in cluster IIB, including 'Methanomonas rnethylouora' NCIB 1 1376, possessed the group I polar lipid composition. The salient characteristics of the strains are given in Results and in Tables 2 and 4 . Tests useful in differentiating the strains of cluster IIB from cluster IIC are given in Table 3 .
The strains in cluster IIB were received under a variety of names (Table 1, Fig. 2) , the majority of which are not validly published. However, included in this cluster is the type strain of Methylobacillus glycogenes, the type species of the genus Methylobacillus (Yordy & Weaver, 1977) . Therefore, cluster IIB can be equated with this genus. Inspection of Fig. 2 indicates the presence of three subclusters (IIBI, IIB2, IIB3) in cluster IIB. The mol% G + C values (52.0-58-6) of the strains in these subclusters (Table 4) indicate that two of the subclusters (IIBl and IIB2) may represent separate species within the genus Methylobacillus and the third subcluster (IIB3), which contains only two strains, may in fact also represent two species. It is difficult to be certain on the evidence presented here whether these subclusters represent species or subspecies. However, the results of preliminary DNA-DNA homology studies (0. Jenkins, unpublished) indicate that the strains in these subclusters do represent distinct species of Methylobacillus. Support for this view also comes from the electrophoretic comparison of the enzymes of some of these strains (Urakami & Komagata, 1981) and from the DNA-DNA homology studies of Urakami et al. (1985) .
Restricted facultative methylotrophs
All the restricted facultative methylotrophs [plus strain (475)ASl-3(dense), which does not grow on glucose] grouped in subclusters IIC1, IIC2 and IIC3. The characters which differentiate between these subclusters and differentiate them from cluster IIB (Methylobacillus) are listed in Tables 2, 3 and 4. All the strains in cluster IIC had the same polar lipid pattern, which was different from that of cluster IIB, and the mol% G + C content of their DNA (49.8-53.2) was generally lower than that of strains in cluster IIB ( Table 4) .
The strains in cluster IIC (Fig. 2) were received as 'Methylomonas Clara', 'Methylophilus methylotrophus' or, the majority, as unnamed industrial isolates. 'Methylomonas Clara' ATCC 3 1226 and 'Methylophilus methylotrophus' NCIB 1051 5 grouped together to form subcluster IIC3 with an intrapair similarity of 87% and had very similar mol% G + C values (-50%: Table 4 ). Preliminary DNA-DNA homology studies (0. Jenkins, unpublished) indicate that they are very closely related. All the evidence indicates that these two strains are members of the same species.
The industrial mutant strains of 'Methylophilus methylotrophus' NCIB 105 15 [strains (36O)ASl/MET/E/lO/22, (362)ASl/MET/E/12/6, (475)ASl-3(dense), (476)ASl-3(translucent) and (650)AS1-4] and other industrial isolates clustered away from strain NCIB 10515 in subcluster IIC2. This was probably due to some slight physiological and biochemical differences, because the mol% G + C values of these strains, where tested, were similar to that of NCIB 10515, the polar lipid pattern was the same (Table 4) and preliminary DNA-DNA homology studies (0. Jenkins, unpublished) indicate a very high homology between the strains of subclusters IIC2 and IIC3. Similarly, the three industrial isolates in subcluster IICl had very similar polar lipid patterns and mol% G + C values to the bacteria in subclusters IIC2 and IIC3, and DNA-DNA homology studies (0. Jenkins, unpublished) show a high homology with 'Methylophilus methylotrophus' NCIB 105 15. These results indicate that the strains within subclusters IIC1, IIC2 and IIC3 all belong to the same genus as does 'Methylophilus methylotrophus' NCIB 105 15. However, it is uncertain whether these subclusters represent subspecies of the species labelled 'Methylophilus methylotrophus' or whether the strains in subcluster IIC1, in particular, represent a separate species within a genus exemplified by ' Methylophilus rnethylotrophus'.
Preliminary DNA-DNA homology results (0. Jenkins, unpublished) indicate a low level of homology between the restricted facultative methanol-utilizing strains of cluster IIC and the obligate methanol utilizer, Methylobacillus glycogenes (cluster IIB, Fig. 2 ). These preliminary results agree with the study of Urakami et al. (1985) which showed 26% DNA homology between Methylobacillus glycogenes ATCC 29475 and ' Pseudomonas methylotropha' NCIB 10510. The latter strain was not included in our study.
Strains of unknown designation Three methanol-utilizing strains did not group into any of the subclusters in clusters IIB and IIC. Industrial isolate (309)MP4 joined clusters IIB and IIC at 84%S (Fig. 2) . However, it had the same polar lipid composition as strains in cluster IIB (Methylobacillus) and also had a mol% G + C value within the range found in that cluster (Table 4) . Strain (309)MP4 was, however, capable of growth on glucose and on that count would be better placed in cluster IIC. However, as noted previously, one strain of cluster IIB also had the ability to grow on glucose. Further work is required to resolve the taxonomic relationship of this strain. The other two strains, 'Aminomonas aminovorus' NCIB 1 1268 and 'Protaminobacter candidus' ATCC 21 372, also showed the closest phenetic similarity to cluster IIC but both strains had a polar lipid pattern characteristic of cluster IIB and, like the members of cluster IIB, were unable to grow on glucose as a sole carbon and energy source. The mol% G + C value of the DNA of these strains would not exclude them from cluster IIB (Methylobacillus). However, preliminary DNA-DNA homology studies (0. Jenkins, unpublished) indicate a low homology between 'Protaminobacter candidus' ATCC 2 1372 and both Methylobacillus glycogenes ATCC 29475 and 'Methylophilus methylotrophus' NCIB 10515. Urakami et al. (1985) obtained a DNA homology of 117% between 'Protaminobacter candidus' ATCC 21 372 and 'Pseudomonas methylotropha' NCIB 10510. This latter strain was not included in our study. 'Methylophilus methylotrophus' NCIB 10515 was not examined by Urakami et al. (1981) and these authors gave no information on the degree of homology between 'Protaminobacter candidus' and Methylobacillus glycogenes. Further work is required to establish the taxonomic status of the strains labelled ' Protaminobacter candidus' and 'Aminomonas aminouorus'.
In conclusion, our results indicate that the majority of the obligate and restricted facultative methylotrophs examined represent at least two taxa of generic status. Those which group in cluster IIB can be equated with the genus Methylobacillus. In addition to the type species M . glycogenes, there is evidence of at least two further species. The bacteria which comprise the cluster IIC also represent a distinct genus. Neither of the 'named' species in this cluster, 'Methylophilus methylotrophus' and 'Methylomonas Clara', has been validly published and therefore neither has any standing in nomenclature. Either of these names could be used to designate a new genus for strains in cluster IIC. If this were done the genus name 'Methylophilus' would be the more suitable because the 'Methylophilus methylotrophus' applied to strain AS1 (NCIB 10515) is very widely used in the biochemical literature.
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